The construction of many railway structures predates those for roads. Yet, up until 
Introduction
Many railway structures today are very old, but have been kept in service despite ageing over the years because of a basic principle of maintenance management. The regular management (inspection and repairs) of structures by operators have enabled safe and stable railway operation over time, however, this cannot prevent the inexorable deterioration of the structures due to age and the environment over the years, and eventually reinforcement measures have to be applied.
The Japanese network today [1] has 4,737 tunnels, 102,293 bridges (1 m or longer), with an average age of about 60 years, which is old. Figure 1 shows the number of railway bridges built per fiscal year. This data, shows peaks in railway constructions during prior to the Second World War, and during the country's period of high economic growth. Regarding the bridges constructed during the period prior to the War which is the first peak, some of them have exceeded the design service life, by the present design concept.
This data clearly highlights that the majority of railway structures were built before the war, even though some new ones are being built today. This means that there will be more structures suffering from age-related deterioration, and at some state maintenance management will no longer be sustainable and more radical measures will be required. At the same time, renewal work, of the kind mentioned previously, is required on urban networks and Shinkansen structures not only to restore their function, but also to meet other needs such as making services more convenient and increasing seismic resistance. Consequently, recent years have seen rapid progress in renovation technologies for railway structures such as bridges/ viaducts (foundation), soil structures/ retaining walls, tunnels, and station buildings.
The scope of this report is limited to restoration technologies developed by RTRI for old rigid-frame structure viaducts constructed with reinforced concrete and steel.
Renovation technologies for RC rigid-frame structure viaducts
Reinforced concrete (hereinafter referred to as RC) became mainstream for building structures following the Taisho Era (1912 to 1926) , and a large number of rigidframe structure viaducts were constructed in urban areas, of which many are still in service. Among these rigid-frame structure viaducts in urban areas, some have become deteriorated and/or are damaged. Furthermore, in addition to the need to improve safety and usability, structures today must satisfy new requirements such as blending in with their surrounding environment, etc. However, due to the location of these viaducts in urban settings, and the density of traffic using them, large-scale replacement and repair are difficult. Furthermore, when viaducts are rebuilt or improved, today there is demand to exploit the value of the space below viaducts as well, in order to improve station facilities and customer experience. Renovation technologies must therefore not only preserve a structure's role as a piece of railway infrastructure, they must also help to optimize its performance a structure.
Rigid-frame structure viaducts are composed of various 
Introduction
This data clearly highlights that the majority of railway structures were built before the war, even though some new ones are being built today. This means that there will be more structures suffering from age-related deterioration, and at som state maintenance management will no longer be sustainab and more radical measures will be required. At the same tim renewal work, of the kind mentioned previously, is required o urban networks and Shinkansen structures not only to resto their function, but also to meet other needs such as makin services more convenient and increasing seismic resistanc Consequently, recent years have seen rapid progress renovation technologies for railway structures such as bridge viaducts (foundation), soil structures/ retaining walls, tunne and station buildings.
The scope of this report is limited to restoratio technologies developed by RTRI for old rigid-frame structu viaducts constructed with reinforced concrete and steel.
Renovation technologies for RC rigid-fram structure viaducts
Reinforced concrete (hereinafter referred to as RC became mainstream for building structures following the Taish Era (1912 to 1926) , and a large number of rigid-frame structu viaducts were constructed in urban areas, of which many a still in service. Among these rigid-frame structure viaducts urban areas, some have become deteriorated and/or a damaged. Furthermore, in addition to the need to improve safe and usability, structures today must satisfy new requiremen such as blending in with their surrounding environment, et However, due to the location of these viaducts in urban setting and the density of traffic using them, large-scale replaceme and repair are difficult. Furthermore, when viaducts are rebu or improved, today there is demand to exploit the value of th space below viaducts as well, in order to improve statio facilities and customer experience. Renovation technologi must therefore not only preserve a structure's role as a piece railway infrastructure, they must also help to optimize i performance a structure.
Rigid-frame structure viaducts are composed of vario members such as columns, beams, slabs, railings, etc., whic Fig. 1 Number of railway bridges built per fiscal year [1] 234 QR of RTRI, Vol. 59, No. 4, Nov. 2018 members such as columns, beams, slabs, railings, etc., which means that viaducts can be renovated by combining the repair/ reinforcement method of each member. Given the serious damage to rigid-frame structure viaducts columns in the Southern Hyogo Earthquake in 1995, since then, significant effort has been invested in R&D for the reinforcement of these columns, producing a series of efficient aseismic reinforcement methods. There is a gap however in effective reinforcement methods which are both workable and economical, for viaduct beams, slabs, and railings.
Beam repair/ reinforcement method using arched steel materials
A reinforcement method for beams using arched steel materials was developed [2] (Fig. 2) . When reinforcing steel bars against bending are arranged across the upper part of the arched steel material, and the arched steel material is connected to the reinforcing steel bars against shearing by means of bolts, filling concrete is poured to reconstruct the beams. In conventional overlay construction methods, bottom formwork and shoring are necessary when increasing the thickness of side face and bottom face of existing beams, and flare welding is necessary to join the ends of reinforcing steel bars for finishing the work. The proposed method, does not require bottom formwork and hung shoring because by connecting the reinforcing steel bars against shearing to the bolt holes provided on the shaped steels which set the framework for the arched steel material, the arched steel material serves as the bottom formwork, and the reinforcing steel bars against shearing serve as the hung shoring. Furthermore, since means that viaducts can be renovated by combining the repair/ reinforcement method of each member. Given the serious damage to rigid-frame structure viaducts columns in the Southern Hyogo Earthquake in 1995, since then, significant effort has been invested in R&D for the reinforcement of these columns, producing a series of efficient aseismic reinforcement methods. There is a gap however in effective reinforcement methods which are both workable and economical, for viaduct beams, slabs, and railings.
A reinforcement method for beams using arched steel materials was developed [2] (Fig. 2) . When reinforcing steel bars against bending are arranged across the upper part of the arched steel material, and the arched steel material is connected to the reinforcing steel bars against shearing by means of bolts, filling concrete is poured to reconstruct the beams. In conventional overlay construction methods, bottom formwork and shoring are necessary when increasing the thickness of side face and bottom face of existing beams, and flare welding is necessary to join the ends of reinforcing steel bars for finishing the work. The proposed method, does not require bottom formwork and hung shoring because by connecting the reinforcing steel bars against shearing to the bolt holes provided on the shaped steels which set the framework for the arched steel material, the arched steel material serves as the bottom formwork, and the reinforcing steel bars against shearing serve as the hung shoring. Furthermore, since the reinforcing steel bars against bending are joined by a lap joint to the arched steel plates which are provided with the anti-slip portions, flare welding is not needed which reduces working time and costs. Therefore, viaducts built using this method are shaped in a shallow curve, which improves their presence in the surrounding landscape.
Repair/ Reinforcement method of intermediate slabs using ultra-high strength fiber-reinforced concrete
Intermediary slabs on rigid-frame structure viaducts are important members positioned just below the tracks, however, there are concerns that these components can lose proof strength due to corrosion of the reinforcing steel bars, and at the same time, there is a need to reduce noise and vibration from passing trains. In order to solve these problems, a method was developed to repair/ reinforce intermediate slabs by using ultrahigh strength fiber-reinforced concrete (hereinafter referred to as UFC) board [3] (Fig. 3) . In this method, the UFC boards are installed on the underside of slabs, and bonded using shrinkagecompensating mortar. The advantages of this method is that extensive scaffolding as with conventional full-face repair methods are not required making it more workable, it can significantly increase the proof strength, the load exerted on the foundations is small because thin and lightweight UFC boards are used, and vibration & noise reduction can be mitigated thanks to the increased rigidity of the slabs, etc.
Reinforcing method of cantilever slabs by addition of small beams
Although cantilever slabs on rigid-frame structure viaducts are members used only for supporting railings and sound insulating walls installed along the edges, their proof strength can be insufficient, when the height of sound insulating walls is increased due to the construction methods described in the next section. A reinforcement method where small beams are added to the lower face of the cantilever slabs was therefore developed [4] (Fig. 3) . By this method, the height (raising) of the reinforcing steel bars against bending are joined by a lap joint to the arched steel plates which are provided with the anti-slip portions, flare welding is not needed which reduces working time and costs. Therefore, viaducts built using this method are shaped in a shallow curve, which improves their presence in the surrounding landscape.
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Although cantilever slabs on rigid-frame structure viaducts are members used only for supporting railings and sound insulating walls installed along the edges, their proof strength can be insufficient, when the height of sound insulating walls is increased due to the construction methods described in the next section. A reinforcement method where small beams are added to the lower face of the cantilever slabs was therefore developed [4] (Fig.  3) . By this method, the height (raising) of railings can be increased to about 5 m.
Railing repair/ reinforcement method using high-toughness cement boards
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Reinforcing method of cantilever slabs by addition of small beams
Although cantilever slabs on rigid-frame structure viaducts are members used only for supporting railings and sound insulating walls installed along the edges, their proof strength can be insufficient, when the height of sound insulating walls is increased due to the construction methods described in the next section. A reinforcement method where small beams are added to the lower face of the cantilever slabs was therefore developed [4] (Fig. 3) . By this method, the height (raising) of falling pieces of concrete from railings, and falls in load bearing ability can also be a problem. Furthermore, the height of railings sometimes has to be raised or they need to be reinforced, in order to improve their sound insulating properties as the running speed of trains increases. A method for repairing/ reinforcing existing railings was therefore developed using high-toughness cement boards [5] (Fig. 4) . In this method, incursion of the deterioration factor into existing railings is inhibited by holding the existing railings with high-toughness cement boards from both sides, and fixing them by penetration bolts. Furthermore, connecting the anchors to the wall foundations, increases railing strength, and their height can be increased up to 1 m. Conventionally, deteriorated railings are simply replaced with new railings. This method, does not require removal and disposal of existing railings the existing railings are repaired and reinforced, reducing not only costs but also the time required for the work to be done.
Viaduct column replacement/ relocation method utilizing CFT structure
Columns on rigid-frame structure viaducts are important members which influence seismic resistance, for which various aseismic reinforcement methods have already been developed. At the same time, while there is a growing need to effectively utilize the spaces below viaducts, the use that can be made of this area beneath viaducts is sometimes restricted due to the position of columns, and columns therefore have to be moved. A   Fig. 4 Repair / Reinforcement method of railings [5] railings can be increased to about 5 m.
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Viaduct column replacement/ relocation method utilizing CFT structure
Columns on rigid-frame structure viaducts are important members which influence seismic resistance, for which various aseismic reinforcement methods have already been developed. At the same time, while there is a growing need to effectively utilize the spaces below viaducts, the use that can be made of this area beneath viaducts is sometimes restricted due to the position of columns, and columns therefore have to be moved. A replacement/relocation method was therefore developed using concrete-filled steel tube (hereinafter, CFT) columns, which does not require the large-scale temporary construction [6] (Fig. 5) . This method can be applied to replace and relocate columns in various conditions, and can also be used to extend the span between columns, by installing CFT columns between existing columns and those to be removed. Depending on the specifications and the position of the columns to be replaced on the viaducts, reinforcement of parts other than the columns may become necessary. However, this is made possible by reinforcement of foundations with additional piles and by applying the aforementioned beam reinforcement method.
Steel bridge renovation technologies
The vast majority of steel bridges were constructed during or after the Meiji era (1868 to 1912). Although steel bridges are, for the most part, no longer built today due to noise problems, etc., many still exist and are in service. In some cases, they have been in use for over 100 years. Old steel bridges show signs of deterioration, such as cracks in steel girders used as bearing parts, bearing failure and corrosion of steel girders under sleepers, etc. Moreover, abutments supporting steel girders in some cases run the risk of being damaged and/or inclining during earthquakes. In sum, a relatively high number of steel bridges, that have been in service for many years and decades are suffering from this kind of weakening, and countermeasures such as reinforcement and replacement, etc. have become necessary.
Integrated steel girder, abutment, and backfill construction method for steel bridges
An "Integrated steel girder, abutment, and backfill construction method" was developed where the bearing portions of existing steel bridges are removed and the steel girders are integrated with the abutments, while the abutments and backfills are connected with reinforcing nails, which means that existing steel girders are regenerated without being replaced (Fig. 6) [7] . Integration of steel girders and abutments, removes the need to maintain bearing sections, furthermore [6] replacement/relocation method was therefore developed using concrete-filled steel tube (hereinafter, CFT) columns, which does not require the large-scale temporary construction [6] (Fig. 5) . This method can be applied to replace and relocate columns in various conditions, and can also be used to extend the span between columns, by installing CFT columns between existing columns and those to be removed. Depending on the specifications and the position of the columns to be replaced on the viaducts, reinforcement of parts other than the columns may become necessary. However, this is made possible by reinforcement of foundations with additional piles and by applying the aforementioned beam reinforcement method.
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Integrated steel girder, abutment, and backfill construction method for steel bridges
An "Integrated steel girder, abutment, and backfill construction method" was developed where the bearing portions of existing steel bridges are removed and the steel girders are integrated with the abutments, while the abutments and backfills are connected with reinforcing nails, which means that existing steel girders are regenerated without being replaced (Fig. 6) [7] . Integration of steel girders and abutments, removes the need to maintain bearing sections, furthermore of the rigid-frame and removing the bearing/support portions which are the structural weak points, given that the backfill on the opposite abutment will give passive resistance.
Steel bridge composed structure method
Many steel bridges have an open-floor structure where sleepers are directly lain on the steel girder flanges. This type of design exposes the lower surface of sleepers to corrosion, which is difficult and time consuming to maintain, which in turn can lead to concerns about the influence the load bearing strength of steel girders. In addition, in urban areas, noise has to be taken into consideration. In order to deal with these problems, a "Composed structure method" [8] was developed where sleepers are replaced with precast-concrete slabs, which are integrated with the steel girders (Fig. 7) . In this construction method, part of the external force applied to the steel girders is distributed to the concrete slabs improving load bearing strength, by integrating the steel girders and concrete slabs via shear connectors, such as composite beams. Moreover, since the upper flange surfaces of steel girders are covered with the concrete slabs, corrosion of the upper flange is inhibited, and noise can also be reduced.
Conclusion
Railway structure renovation technologies have to satisfy certain changing needs over time, for example: fixing the simply-supported steel girders at both ends, extends their serviceable life because the moment generated at the point where live loads are exerted, is reduced. Aseismic resistance is also improved by changing the structure of the rigid-frame and removing the bearing/support portions which are the structural weak points, given that the backfill on the opposite abutment will give passive resistance.
Steel bridge composed structure method
Conclusion
Railway structure renovation technologies have to satisfy certain changing needs over time, for example:
• Fundamental performance & functional enhancement of railway structures • Change in utilization of bridges and viaducts • Extension of underground stations and tunnels • Widening of tracks, change of routes, RTRI has been developing renovation technologies for railway structures to meet these needs. The effects that need to be achieved, vary depending on environmental site conditions and other factors. Renovation technologies also need to adapt to each type of railway structure, i.e. bridges/ viaducts (foundations), soil structures/ retaining walls, tunnels, and station buildings. This report presents current renewal technologies for railway structures, in particular bridges/ viaducts, on which RTRI has been working, however it is also necessary to compare cost effectiveness for each set of conditions, in order to develop lower cost technologies [9] . Development of the construction method introduced in sections 3.1 and 3.2 was supported by Railway technology development subsidies from the Ministry of Land, Infrastructure, Transport and Tourism (MLIT). [2] Tadokoro T., Tanimura Y., Todoroki T., Maeda T., Maeda Y., Fig. 6 Integrated construction method of steel girders, abutments, and backfills for steel bridges [7] Fig. 7 Steel bridge composed structure method [8] fixing the simply-supported steel girders at both ends, extends their serviceable life because the moment generated at the point where live loads are exerted, is reduced. Aseismic resistance is also improved by changing the structure of the rigid-frame and removing the bearing/support portions which are the structural weak points, given that the backfill on the opposite abutment will give passive resistance.
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